The end-Devonian Hangenberg Crisis constituted one of the greatest ecological and environmental perturbations of the Paleozoic Era. To date, however, it has been difficult to precisely constrain the occurrence of the Hangenberg Crisis in the Appalachian Basin of the United States and thus to directly assess the effects of this crisis on marine microbial communities and paleoenvironmental conditions. Here, we integrate organic and inorganic chemostratigraphic records compiled from two dis- 
| INTRODUC TI ON
The end-Devonian Hangenberg Biotic Crisis (HC; ~359 Ma) is particularly intriguing for both its close temporal proximity and comparable magnitude to the faunal extinction associated with the earlier Frasnian-Famennian boundary (Kellwasser) event, as well as the dramatic marine community ecological turnover resulting from these combined events (Droser, Bottjer, Sheehan, & McGhee, 2000; McGhee, Clapham, Sheehan, Bottjer, & Droser, 2013) . The HC decimated ammonoid, trilobite, conodont, and vertebrate taxa, and marked the end of stromatoporoid sponges, though many affected groups recover in the Carboniferous (Caplan & Bustin, 1999; Sallan & Coates, 2010; McGhee et al., 2013) . Numerous extinction mechanisms and triggers have been proposed including: oceanwide marine anoxia, volcanism, eustatic change, climate fluctuations (Caplan & Bustin, 1999; Marynowski et al., 2012; Carmichael et al., 2015; Racki, Rakociński, Marynowski, & Wignall, 2018) , and the evolution and expansion of land plants (by increasing weathering rates and drawing down CO 2 ; Algeo, Berner, Maynard, & Scheckler, 1995; Tulipani, Grice, Greenwood, Schwark et al., 2015) , though there were likely synergistic effects operating that contributed to the ecological crisis. The event was likely rapid (calculated duration of ~50-100 ka; Myrow et al., 2014) , marked by glaciation, and globally expressed (Kaiser, Aretz, & Becker, 2015) . The HC is classically recognized within a predictable succession of lithologies recording eustatic variation. This begins with the deposition of a transgressive organic-rich shale, with the type section being the Hangenberg Black Shale in Germany (Marynowski & Filipiak, 2007; Kaiser et al., 2015) . This is in turn overlain by regressive units of gray shales, sandstones, and limestones (Caplan & Bustin, 1999; Kaiser et al., 2015) .
Despite the global nature of the crisis, limitations on the use of traditional proxies for defining the HC (mainly the use of the Siphonodella praesulcata conodont zone and positive δ 13 C carb excursions) have arisen, prompting the improvement and integration of bio-, litho-, and chemostratigraphies to identify the crisis interval (Carmichael et al., 2015; Corradini, Spalletta, Mossoni, Matyja, & Over, 2017) . In particular, suites of δ 13 C org , sea level, and redox proxies have been shown to viably define the Hangenberg interval, combined with insight from biostratigraphy (Kaiser, 2005; Carmichael et al., 2015; Kaiser et al., 2015) . The HC remains ambiguously defined within end-Devonian shales in the Appalachian Basin of North America, due, in part, to the lack of lithological variability (no extensive δ 13 C carb record) and the scarcity of diagnostic conodonts (Over, 2007; Carmichael et al., 2015; Kaiser et al., 2015) . Additionally, this area hosts an abundance of disconformable sections in close temporal association with this event, which makes stratigraphic correlation and thus testing of specific causes and consequences difficult.
The organic-rich Cleveland Shale member of the Ohio Shale is well known for preserving some of the most spectacular arthrodire fish fossils, including their ultimate demise within thick, well-exposed packages of black shale, as well as for being loosely associated with multiple Late Devonian biocrises, including the HC (Zagger, 1995; Sallan & Coates, 2010; Baird, Over, & Hannibal, 2013) . Previous work has described miospores broadly characteristic of the end-Devonian (LN miospore zonation) from the uppermost Cleveland Shale (Eames, 1974) , consistent with ammonoids described up to 3 m below the expression of the overlaying Bedford Formation, and the identification of the middle or upper Siphonodella praesulcata conodont zone (House, Gordon, & Hlavin, 1986; Zagger, 1995) . Geochemically, wideranging localities of the Cleveland Shale have been well characterized, with a general consensus of strengthening anoxia within the uppermost strata (Jaminski, Algeo, Maynard, & Hower, 1998; Algeo, Lyons, Blakey, & Over, 2007; Rimmer, Rowe, Hawkins, & Francis, 2010) . Combined, this evidence suggests that deposition of the uppermost strata of the Cleveland Shale may be approximately coeval with the occurrence of the Hangenberg Black Shale in Europe.
While the effects of the global HC on both marine and terrestrial macrofauna are well studied, little is known about the impact this biocrisis had on the phytoplankton and other microorganisms that provided the primary biomass that sustained food webs and controlled Paleozoic biogeochemical cycles (e.g., Marynowski & Filipiak, 2007; Cao et al., 2009; Marynowski et al., 2012; Rohrssen, Love, Fischer, Finnegan, & Fike, 2013; Tulipani, Grice, Greenwood, Haines et al., 2015; Whiteside & Grice, 2016) . Lipid biomarkers, biomolecules that are recalcitrant on geologic timescales, can be used to distinguish sources of organic matter input and characterize fundamental aspects of the microbial ecology of an environment during sedimentary deposition, if the host strata have undergone a mild thermal history (Peters, Walters, & Moldowan, 2005) . For instance, the ratio of the major (C 27 -C 35 ) hopanes to (C 27 -C 30 ) steranes (H/S) provides a broad but informative comparison of the relative contribution of bacteria and eukaryotes to sedimentary organic matter, where hopanes and steranes are the core hydrocarbon skeletons derived from bacterial hopanols and eukaryotic sterols, respectively (Peters et al., 2005; Rohrssen et al., 2013) . Other biomarker compounds provide additional source organismal and paleoenvironmental selectivity.
Green sulfur bacteria (Chlorobi), which are anoxygenic phototrophs, can utilize hydrogen sulfide as an electron donor and synthesize distinctive aromatic hydrocarbon pigment biomarkers (such as the C 40 carotenoid isorenieratene, preserved in ancient sediments after diagenesis as isorenieratane), which are useful for recognition of episodes of photic zone euxinia (PZE, Summons & Powell, 1986) extending into surface waters.
To investigate evidence for significant changes within the microbial communities associated with the transitions into and out of the HC, we have integrated organic (lipid biomarker analyses as well as stable carbon and nitrogen isotopic measurements) and inorganic geochemical data with sedimentary ichnofabric evaluation to generate detailed chemostratigraphic records for thermally immature (early oil window maturity) strata of the upper Cleveland Shale, from two outcrop locations. Here, for the first time, we identify the onset of the HC in the Cleveland Shale through δ 13 C org trends and combined inorganic and organic redox proxies and utilize lipid biomarker assemblages to investigate the stability of the microbial community structure, modes of primary productivity, and marine redox structure leading up to and through this biocrisis at these locations.
| G EOLOG I C S E T TING
During the latest Devonian (upper Famennian), the region of northern and central Ohio was located within a low latitude (~25°S) epicontinental foreland basin situated between the Acadian uplands to the east and the Michigan and Illinois basins to the northwest and southwest, respectively, and was situated on the eastern flank of the Cincinnati Arch. Within the western part of this basin, the Ohio Shale was deposited as a distal expression of the Catskill Delta (Lewis & Schwietering, 1971; Ettensohn, 1985; Woodrow, Dennison, Ettensohn, Sevon, & Kirchgasser, 1988) . The Cleveland Shale member of the Ohio Shale is a thick (up to 30 m) fissile to platy black shale that is interpreted to represent deposition below storm wave base during a transgression (Hellstrom & Babcock, 2000; Baird et al., 2013) . Decimeter-scale cyclicity due to climatically controlled variations in organic and clastic content is present in the Cleveland Shale strata, and, at some localities, the top few meters are interpreted to reflect glaciation as evidenced by large dropstones, presumably from ice-rafted materials (Jaminski et al., 1998; Brezinski, Cecil, & Skema, 2010; Baird et al., 2013 
| SAMPLE S AND ME THODS
Samples for bulk organic carbon and nitrogen isotopes, trace metal geochemistry, lipid biomarker analysis, and ichnofabric indices were taken from freshly exposed surfaces in creek beds (July: 2014 (July: , 2015 
| Carbon and nitrogen isotopes
For isotopic analysis, samples were washed with 1 M hydrochloric acid to remove any carbonate material prior to isotopic measurement of the organic material. The remaining organic residue was measured 
| Lipid biomarkers
Methods for extracting and characterizing lipid biomarkers for the Cleveland Shale follow those of Haddad et al. (2016) . The saturated and aromatic hydrocarbon fractions were analyzed in both full scan and single ion monitoring methods at UC Riverside by gas chromatography-mass spectrometry (GC-MS) on an Agilent 7890A GC system coupled to an Agilent 5975C inert MSD mass spectrometer. The GC temperature program was 60°C (held for 2 min), heated to 150°C at 20°C/min, then to 325°C at 2°C/min, and held at 325°C for 20 min. The GC was equipped with a DB1-MS capillary column (60 m × 0.32 mm, 0.25 μm film thickness), and helium was used as a carrier gas. 200 ng of d14-p-terphenyl standard was added to each aromatic hydrocarbon fraction for quantification. Pristane/phytane (Pr/Ph) ratios were measured from relative peak areas using total ion chromatograms acquired from full scan analysis. Chlorobi-derived carotenoid biomarkers, including aryl isoprenoids, isorenieratane, and paleorenieratane, were identified based on 133 and 134 Dalton (Da) mass chromatograms, with 3,4,5-and 2,3,6-trimethyl-substituted aryl isoprenoid abundances measured from peak areas in 133 Da ion chromatograms, with isorenieratane and paleorenieratane verified from mass spectra and retention times.
| Ichnofabric index
To analyze ichnofabric index, samples were slabbed perpendicular to bedding to reveal a cross section. Half of the slabbed section was then polished with 800 level grit to remove saw marks and digitally scanned at a resolution >400 dpi. The remainder was saved for geochemical analysis to ensure ichnofabrics were directly relatable to chemostratigraphy. Scans were then evaluated for burrowing activity for each vertical cm of rock. Since ichnofabric index values can vary vertically through individual hand samples, ichnofabric index was generated for each cm in a sample (averaging 4 cm in width), then averaged to give a whole-slab estimate. (Figure 3b ). There is a pronounced shift to a more 13 C-enriched δ 13 C org within the top 10 cm of the Cleveland Shale at RB, again likely associated with the lithologic and organic F I G U R E 4 Representative total ion current chromatograms for saturated hydrocarbon fractions from rock bitumens (extracts) from the RB and TR sections. Pr = pristane; Ph = phytane; numbers indicate chain length of normal alkanes; # C 29 -αααR sterane; *C 30 -αβ hopane; 31+ *co-elution of the n-C 31 alkane and C 30 -αβ hopane. RB15B and TR5B represent a typical marine Cleveland Shale signal: high total organic carbon (TOC) and hydrogen index (HI), with a n-alkane profile that tails in abundance above n-C 19 with a slight odd-over-even carbon number preference. The RB2B sample profile, transitioning into the overlaying Bedford Shale, shows a discernible terrestrial organic matter influence in the form of lower HI values, a greater contribution of long-chain (C 23-31 ) n-alkanes with a more prominent odd carbon number preference from plant waxes, higher Pr/Ph ratio, and a higher hopane/sterane ratio 
| Carbon isotopes

| Lipid biomarkers
Throughout both sections, the hopane/sterane (H/S) ratio is consistently low with a median of 0.35 for the combined localities (Figures 2d and 3d) , which is lower than the typical Phanerozoic marine average range of 0.5-2.0 for organic-rich oils and rocks (Peters et al., 2005; Cao et al., 2009) for Frasnian-Famennian black shales (Haddad et al., 2016) . Median values here reach 0.8% and 3.2% at TR and 1.0% and 3.0% at RB for 2α-MeHI and 3β-MeHI, respectively (Figures 2f and 3f) . The 3β-MeHI values record sporadic, slight enrichments occasionally just above 4% for both sections of black shale, but generally, the 2-and 3-methylhopane contents of our rocks are low, unexceptional, and
Representative MRM-GC-MS sterane traces for RB and TR sections. C 29 steranes (shown through the 400→217 Da ion transition) are the most abundant among the C 27 -C 30 steranes, indicating a predominance of the green algal clade, which is typical for Paleozoic marine environments (Schwark & Empt, 2006) . The dominance of the immature αααR stereoisomer for each sterane carbon number is consistent with the low thermal maturity of the host rocks (early oil window maturity) as also gauged from Rock-Eval pyrolysis. The C 30 sterane distributions are dominated by 24-n-propylcholestanes, which are predominantly sourced by marine pelagophyte algae. Diasteranes (C 27-30 -αβ and C 27-30 -βα; marked by asterisks) are also discernible in the profiles, typical for shale and siltstone lithologies containing clay minerals Aromatic carotenoid biomarkers (isorenieratane, paleorenieratane, and their aryl isoprenoid fragments) sourced from Chlorobi are found in high abundance in every sample of black shale (Figures 2g   and 3g ) providing strong evidence for at least episodic photic zone euxinia (PZE) in the water column at both localities. Paleorenieratane is a structural isomer of isorenieratane that is typically found in Paleozoic-aged rocks (particularly common in Devonian-aged source rocks) and provides strong support for carotenoid biomarker syngeneity (French, Rocher, Zumberge, & Summons, 2015) .
Paleorenieratane is of comparable or greater abundance to isorenieratane in the black shales from both sections; a detailed comparison of these two compounds can be found in the Supporting information There is no obvious correlation, however, between the overall abundance of aryl isoprenoid compounds and the AIR values (Supporting information Figure S3 ).
| Nitrogen isotopes
Total sedimentary organic nitrogen isotopic data reveal a general increase in δ 15 N total toward the upper part of the Cleveland Shale with a well-defined and systematic 1.9‰ positive excursion evident at TR, ranging from +1.9‰ to +3.8‰ (Figure 2h) . Baseline values range from 0% to 2‰ for the remainder of the succession. There is no obvious excursion at RB, which records a lower magnitude range of +1.2‰ to +2.4‰ δ 15 N total values within the Cleveland Shale (Figure 3h ).
| Ichnofabric indices
The ichnofabric index is a semiquantitative metric of the extent of bioturbation that is reflective of bottom water oxygenation, since bilaterian organisms capable of burrowing require molecular oxygen to support their metabolisms (Droser & Bottjer, 1986; Boyer & Droser, 2009 as the RB section directly before the Cleveland-Bedford contact.
We posit that the trace metal data for the uppermost Cleveland
Shale at RB and TR, as well as the glacially rafted dropstones in other time-equivalent North American localities (Brezinski et al., 2010) , are consistent with a return to glacially driven regression leading into the Bedford Shale. This is similar to the scenario proposed following the termination of Hangenberg Black Shale deposition in Europe (Kaiser et al., 2015) .
| Source biota and paleoenvironmental information from lipid biomarkers
Lipid biomarker analysis reveals important information about the Cleveland Shale depositional environment, modes of primary production, and the stability of the microbial community structure leading up to and through the Hangenberg Crisis. TOC content is consistently high throughout our dataset (Figures 2a and 3a) , though not as enriched as some previously reported Cleveland Shale samples (Rimmer et al., 2004) . High TOC content can be associated with either elevated productivity or exceptional preservation of produced organic matter, but these factors are not mutually exclusiveproductive settings can dynamically sustain low-oxygen conditions that facilitate sedimentary organic matter preservation. Discernible terrestrial organic matter inputs only begin to increase toward the Cleveland-Bedford contact and stratigraphically higher and can readily be distinguished by molecular patterns in saturated hydrocarbon profiles (increased contribution from long-chain n-alkanes combined with a prominent odd-over-even carbon number preference; see Figure 4 ) and in Rock-Eval pyrolysis parameters (drop in HI to 150 mg/g TOC or less; see Figure 4 and the Supporting information). We note that the apparent increase in terrestrial plant inputs to sedimentary organic matter coincides with a concomitant decrease in bulk TOC content, which suggests either a reliance of this microbial community on marine-derived nutrients and/or a change in organic matter preservation potential.
| Hopanes and steranes
Throughout the black shale package found in both sections, the hopane/sterane (H/S) ratio is consistently low (median value of 0.35 for combined localities). This indicates an abundance of eukaryotic source organismal inputs and a strong contribution of marine algae to the overall primary production throughout deposition. These data are comparable to H/S ratios compiled from the Hangenberg Black Shale in the Holy Cross Mountains, Poland (Marynowski et al., 2012) , as well as sustained low H/S ratios reported for other Late Devonian extinctions, notably the previous FrasnianFamennian transition (Haddad et al., 2016) . This contrasts with the characteristics other of Paleozoic mass extinction events and their aftermaths, such as at the end-Permian and end-Ordovician, for which there are reports of elevated bacterial contributions to sedimentary OM as a response to extinction and nutrient stress (Cao et al., 2009; Rohrssen et al., 2013 ; with the caveat that productive marine settings generally show a lower H/S than for contemporaneous oligotrophic settings, as expected). H/S ratios increase at and beyond the Cleveland-Bedford contact (range = 0.7-3.3), indicating increasing bacterial source inputs as glaciation and regression led to a shallower and more oxic paleoenvironment, also associated with increasing terrestrial plant/soil matter input.
Abundance patterns between different sterane carbon numbers and structures can be characteristic of particular algal clades even though these are not source-specific biomarker compounds.
For instance, C 27 compounds are often produced as the major steroids by red algae, such as rhodophytes, while C 28 are common in more derived red algal clades that radiated from the Mesozoic Era and younger, such as coccolithophores and diatoms. In contrast, C 29 steroids are produced by most green algal clades and terrestrial plants, although some prasinophyte algae exhibit a C 28 steroid dominance (Kodner et al., 2008) . A strong C 29 sterane (stigmastane) carbon number predominance is consistently found in our samples throughout both sections, indicative of a predominance of green algal clades among the eukaryotic source organisms, similar to Frasnian-Famennian biomarker records from New York (Haddad et al., 2016) and most early Paleozoic marine settings (Schwark & Empt, 2006; Rohrssen et al., 2013) . The C 30 steranes found are predominantly in the form of 24-n-propylcholestane isomers and are detectable throughout the entirety of the Cleveland Shale ( Figure 5 ). 24-n-propylcholestane is most likely derived from pelagophyte algae (Moldowan et al., 1990) in Devonian rocks, which are an exclusively marine class of microalgae and consistent with a predominantly autochthonous source input of marine organic matter for the black shales. The 24-n-propylcholestane proportions are highest immediately following the δ 13 C org excursion in organic-rich black shales deposited during the HC interval at TR (max = 7% total C 27-30 steranes).
The ratio of C 28 /C 29 steranes is low for all Cleveland Shale samples (TR median = 0.3; RB median = 0.22; overall range = 0.14-0.4;
Figures 2e, 3e, and 5; Supporting information Figure S6 ); values of 0.2-0.4 are found for many early Paleozoic sedimentary rocks and oils (Grantham & Wakefield, 1988; Schwark & Empt, 2006; Haddad et al., 2016) . Schwark and Empt (2006) 
| Methylhopanes
The 3β-methylhopane index for both TR and RB sections mostly fall around the 1%-3% Phanerozoic marine average (Peters et al., 2005; Cao et al., 2009 ), but occasionally just exceed 4.0%. Median values are higher than Appalachian Basin black shales from the FrasnianFamennian interval (avg. 1%; Haddad et al., 2016) . Elevated 3β-MeHI values can be characteristic of increased methane cycling in the local paleoenvironment (Rohrssen et al., 2013) . The synthesis of 3β-methylbacteriohopanepolyols, from which 3β-methylhopanes are derived, has commonly been linked to aerobic methanotrophic proteobacteria when these biomarkers are anomalously abundant in rocks and oils (Peters et al., 2005; Rohrssen et al., 2013 ) although these compounds can be synthesized by diverse bacterial groups (Welander & Summons, 2012) . However, the highest values of 3β-MeHI in the Cleveland Shale at TR and RB (max 4.1% and 4.3%) do not reach anywhere near the elevated 3β-methylhopane index values as previously found for numerous Late Ordovician-Silurian rocks from Laurentia (>10%, Rohrssen et al., 2013) and sporadically up to 13% for end-Triassic to Early Jurassic strata (Kasprak et al., 2015) .
While it should be noted that the relative changes in 3β-MeHI values in the Cleveland black shale can appear quite dramatic (such as a doubling effect from 2% to 4% found near the top of the TR section),
these absolute values are all low in magnitude, close to the typical Phanerozoic marine average range (1%-3%), and likely do not signify major changes in the microbial community.
Previously, 2α-methylhopanes have been used as a marker for oxygenic photosynthesis via cyanobacterial production; however, it is now apparent that a wide range of bacterial groups are capable of 2α-methylhopanoid biosynthesis (Rashby, Sessions, Summons, & Newman, 2007; Welander, Coleman, Sessions, Summons, & Newman, 2010; Ricci et al., 2014) . Regardless of the nature of the source bacteria, elevated 2α-methylhopane index values have been noted for other ocean anoxic events and have been linked to anoxia and/or nitrate limitation in the aftermath of anoxia (Kuypers, van Breugel, Schouten, Erba, & Damsté, 2004; Cao et al., 2009; Ricci et al., 2014; Kasprak et al., 2015) . Neither the TR nor the RB section, however, shows elevated abundance of, or noteworthy variation within, 2α-methylhopanes across the interval of sampled strata.
The 2α-MeHI is similar to the generally low values (<5%) reported previously for Late Devonian (Frasnian-Famennian transition) black shales from both high and low paleolatitudes (Haddad et al., 2016) .
This contrasts with other periods of prolonged PZE, such as observed for the end-Triassic, where high relative abundances of 2α-methylhopanes co-occur with isorenieratane (Kasprak et al., 2015) , as well as the exceptionally high 2α-MeHI values (10%-33%) observed for the Early Triassic marine aftermath of the end-Permian mass extinction in South China (Cao et al., 2009) .
| Chlorobi carotenoid markers
Green sulfur bacteria, or Chlorobi, are anoxygenic phototrophs that can utilize sulfide as an electron donor (Summons & Powell, 1986) .
Chlorobi-derived carotenoids (isorenieratane, paleorenieratane, and aryl isoprenoid fragments) are ubiquitous in the Cleveland Shale and signify at least episodic PZE conditions in the water column. These organisms likely inhabited the lower portion of the photic zone, and isorenieratane, in particular, is derived from the brown strain of green sulfur bacteria that can live in low light settings up to 100 m water depth (French et al., 2015) . Chlorobi could coexist with eukaryotic algae as photosynthetic primary producers by zonation at different surface water depths with algae preferentially inhabiting the shallower depths within the surface mixed layer, where dissolved oxygen is present. High absolute abundances of aromatic Chlorobi biomarker compounds were observed for both TR and RB sections within the HC interval (see Figures 2g and 3g ). These findings are consistent with similar biomarker features in Hangenberg Black Shales from the Holy Cross Mountains in Poland (Marynowski & Filipiak, 2007; Marynowski et al., 2012) although only low Chlorobi biomarker abundances tied to variable paleoredox conditions were reported for Frasnian-Famennian black shales from New York sections of the Appalachian Basin (Haddad et al., 2016) .
To further assess whether PZE was persistent or intermittent, we employed the aryl isoprenoid ratio (AIR), which relates the pro-
aryl isoprenoids to determine the extent of aerobic degradation undergone by these compounds (Schwark & Frimmel, 2004; Spaak et al., 2018) . Low AIR values (<1) are proposed to highlight enhanced molecular preservation in a highly reducing environment such that photic zone anoxia is considered to be persistent, while 
| Major characteristics of biomarker assemblages
Overall, the biomarker assemblages found within the sampled strata of the Cleveland Shale reveal a stable and algal-rich Late Devonian primary producer community thriving in a locally redox-stratified epicontinental shelf setting. The sedimentary organic matter in the black shales is derived predominantly from autochthonous sources from marine microorganisms. While there is some expected variation within some bacterial biomarker abundance parameters (i.e.,
Chlorobi and 3β-methylhopane producers) that occurs with the onset of HC conditions, the major biomarker assemblage features (low H/S ratios and invariant sterane patterns with a strong green algal source) are remarkably constant throughout the deposition of the black shales (Figures 2-4) . These combined observations suggest a high tolerance of the microbial communities for low-oxygen and chemically stratified redox environmental conditions that prevailed in productive marginal settings during the Late Devonian (Tuite & Macko, 2013; Haddad et al., 2016) . High productivity of the planktonic microbial community dynamically maintained OMZs at water depths within and below the photic zone through organic matter remineralization of settling biomass. Furthermore, any significant terrestrial inputs to organic matter only occur just immediately before the Cleveland-Bedford contact. This is stratigraphically situated above the main black shale package and coincides with an organic and lithologic facies change as shown by a decrease in TOC content and oil-generating potential, coarser mudstone/siltstones, and a transition into a shallower and more oxic paleoenvironment.
| Nitrogen isotopic excursion
Nitrogen cycling in Late Devonian epeiric seaways encompasses contributions from organisms utilizing different nitrogen species, including nitrate and recycled ammonium (Perkins, Piper, & Mason, 2008; Rooney, Goodhue, & Clayton, 2015) . Since biomarker assemblages remain relatively constant throughout the sampled intervals at both localities, the secular changes in δ 15 N total at the TR section likely represent changes in the stable isotopic composition of dissolved nitrate and other fixed nitrogen species rather than significant variations in source biota. We suggest the positive δ 15 N total excursion at TR was predominantly driven by increased denitrification rates during a transgressive event (Brezinski et al., 2010; Tuite & Macko, 2013 perturbed N cycles during anoxic or extinction events include enhanced recycling of ammonium; however, this should produce a negative excursion in δ 15 N total (Higgins, Robinson, Husson, Carter, & Pearson, 2012; Kasprak et al., 2015) , opposite to the trend that we observe. Increased weathering rates associated with the Late Devonian expansion of vascular plants (Algeo et al., 1995) could provide an additional flux of nitrogen species and other nutrients, though we have no evidence for increased terrestrial source input to OM at our localities for this stratigraphic interval from detailed biomarker investigation (Figure 4 ) until the very last centimeters of the black shale package that transitions into coarser gray shales and siltstones.
The positive δ 15 N total excursion at TR is consistent with a recent study by Rooney et al. (2015) , who compared δ 15 N between bulk sediment and Tasmanites 
| Constraints from bioturbation indicators
While biomarker and trace metal inventories make a strong and consistent argument for largely persistent photic zone euxinia conditions during deposition, sedimentary fabrics preserved in the Cleveland Shale help describe a more nuanced paleoredox history and thus offer valuable insight (Figure 7 ). Most bioturbation in the Cleveland Shale occurs as small burrows, on average a few millimeters in diameter, and as disruptions in the depositional laminae.
An exception to this rule is rare layers of well-preserved burrows at the TR section that measure over a centimeter in vertical depth.
Overall, the discernible trace fossil signals in some horizons suggest that bioturbation and seafloor oxygenation occurred episodically throughout this succession. These episodes are perhaps linked to climatic cycling as proposed in Jaminski et al. (1998) , although smallscale burrowing found here does not seem to follow a cyclical pattern. Burrowed horizons highlight that geochemical proxies often fail to capture these rapid and sporadic redox fluctuations in ancient black shales at times when marine chemical stratification weakened. Recognition of bioturbation allows a more balanced evaluation of the dynamics of redox change, nutrient replenishment, and the continuity of macrofaunal habitability in paleoenvironments. This is particularly important when chemostratigraphic proxies such as Mo enrichments and the AIR biomarker ratio suggest a pervasively redox-stratified basin sustaining shallow euxinic conditions.
| CON CLUS IONS
We propose from a multi-proxy geochemical investigation that the uppermost Cleveland Shale in Ohio is an equivalent unit to the Hangenberg Black Shale found in Europe and the black shales were deposited in a productive and redox-stratified epicontinental shelf setting. A stable microbial community provided the primary biomass necessary to support heterotrophy and dynamically maintained shallow euxinic depositional conditions locally, even prior to the in- Throughout the black shale succession in the upper Cleveland Shale, there was apparently no major shift in the microbial community structure as inferred from the major characteristics of the lipid biomarker assemblages. We can recognize key biomarker characteristics of Late Devonian black shales that are appreciably different from those of organic-rich rocks associated with deposition during other oceanic anoxic events of the Phanerozoic Eon. A low average value of hopane/sterane (ca. 0.35 for median value) and a strong organic matter source contribution from marine green algae are a constant feature of these and other Late Devonian black shales, despite global biocrises affecting eukaryotic macrofaunal clades (Sallan & Coates, 2010) . Our evidence confirms that microbial communities survive, and can thrive in some shelf settings, and sustain primary productivity during extinction events. Indeed, locally redoxstratified marine conditions with anoxic/euxinic zones extending into the lower photic zone could not be sustained without this microbial biomass since it is the remineralization and degradation of primary biomass that consumes dissolved oxygen and sulfate in the water column. The low C 28 /C 29 sterane ratios throughout our dataset indicate that any Paleozoic ecological transition to C 28 producing algae is delayed in tropical paleolatitudes until after the HC. The inferred stability of the main microbial communities, combined with a positive δ 15 N total excursion at TR, likely signifies increasing rates of water column denitrification associated with a local expansion of the marine OMZ during the intensification of HC conditions. Important insights were gained from ichnofabric evaluations that place important constraints on the temporal continuity of euxinic conditions. Shallow burrows found throughout the Cleveland Shale highlight the limitations of some geochemical redox approaches for recognizing short-lived and sporadic redox changes that deviate from anoxic/euxinic baseline conditions. Brief oxygenation pulses supported short-lived bioturbation events occurring even within a strongly and predominantly redox-stratified euxinic basin-albeit with low-oxygen stress more pronounced during the HC interval-and underscore the necessity of integrating multiple independent redox proxies for a more complete paleoenvironmental reconstruction. 
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